Poor sanitation in rural infrastructure is often associated with high levels of fecal contamination in adjacent surface waters, which presents a community health risk. Although microbial source tracking techniques have been widely applied to identify primary remediation needs in urban and/or recreational waters, use of human-specific markers has been more limited in rural watersheds. This study quantified the human source tracking marker Bacteroides-HF183, along with more general fecal indicators (i.e. culturable Escherichia coli and a molecular Enterococcus marker), in two Appalachian streams above and below known discharges of untreated household waste. Although E. coli and Enterococcus were consistently recovered in samples collected from both streams, Bacteroides-HF183 was only detected sporadically in one stream. Multiple linear regression analysis demonstrated a positive correlation between the concentration of E. coli and the proximity and number of known waste discharge points upstream; this correlation was not significant with respect to Bacteroides-HF183, likely due to the low number of quantifiable samples. These findings suggest that, while the application of more advanced source targeting strategies can be useful in confirming the influence of substandard sanitation on surface waters to justify infrastructure improvements, they may be of limited use without concurrent traditional monitoring targets and on-the-ground sanitation surveys.
INTRODUCTION
Despite major advancements in wastewater treatment in the past century, inadequate sanitation remains an issue for some communities in the United States. Infrastructure for sanitation is particularly lacking in remote communities where there are fewer users to cover infrastructure costs and technical assistance is not readily available locally (Tarricone ; Gasteyer & Vaswani ) . This can result in inadequate wastewater management strategies that direct untreated household waste to local surface waters with minimal pre-treatment (e.g. soakaways, straight pipes), posing potential health risks to adjacent and downstream communities.
Improper treatment of household wastewater has long been recognized as a public health hazard. In the most recently identifiable national survey of medical care providers in rural communities, surface water pollution was identified as a primary environmental health concern (Robson & Schneider ) . Waste entering common waterways used for recreation or drinking water can be a point of human exposure for infectious disease, particularly in low areas without proper water and sanitation (Gasteyer & Vaswani ) . Eliminating these sources of pathogen contamination could result in both significant public health and economic benefits, as waterborne illnesses have multiple adverse economic effects including the cost of hospitalizations, losses in productivity at places of employment, and absences from school (Collier et al. ) .
A particularly unique set of conditions exists in rural communities in central Appalachia. In this region, underlying karst soils are often inadequate to support traditional on-site wastewater treatment strategies such as septic systems, i.e. the soils are too thin to provide sufficient biological treatment prior to discharge to the environment. into nearby surface waters (Banks et al. ) . The number of straight pipes in the entire region is unknown, but the practice is not uncommon, e.g. in Letcher County, KY, one survey estimated 3,000 straight pipes serving about 40% of 30,000 total residents (Glasmeier & Farrigan ) .
Though the discharge of untreated household wastewater is intuitively expected to result in significant deterioration of receiving water quality, little monitoring data describing the magnitude of impact is available.
Standard monitoring practices to identify water quality impairments generally only target fecal indicator bacteria (FIB) such as total coliforms or Escherichia coli. While generally non-pathogenic themselves, these are considered sentinels of potential pathogen presence and associated human health risks. However, because these organisms are common to the intestinal tract of all warm-blooded animals, their presence provides limited information regarding the relative contributions of specific sources of fecal contamination (e.g. human vs. animal). Though the transfer of zoonotic pathogens is important, fecal contamination by human sources is generally considered of greatest health concern since many waterborne pathogens (viruses in particular) exhibit host specificity (Harwood et al. ) . The inclusion of library-independent, established source-specific markers in monitoring efforts can greatly aid in watershed assessment: understanding the origin of fecal contamination can improve local understanding of potential health risks and inform decisions about appropriate remediation actions to meet water quality goals (Scott et al. ) . At present, the genetic marker HF183 from 
METHODS

Site description
The study area consists of two 12-digit hydrological unit code (HUC) watersheds in southwestern Virginia (Figure 1 analyses (n ¼ 9) from five sites in each watershed. All samples for microbiological analysis were collected at the thalweg in 250 mL pre-sterilized bottles, and transported on ice back to the Biological Systems Engineering Seitz Hall laboratory at Virginia Tech for prompt analysis (i.e. within 6 hours for culturable microorganisms; filtration for molecular preservation within 48 hours).
Microbial analyses
Analysis for E. coli concentrations occurred immediately upon return to the laboratory via the Colilert defined substrate method using the Quanti-Tray/2000 (IDEXX, Westbrook, ME, USA). Following 24 hours incubation at for Bacteroides-HF183 was determined by scaling the lowest detectable amount of Bacteroides-HF183 in tested samples to the total amount of eluted sample from DNA extraction. The same process was repeated with the lowest value on the standard curve (10 copies/mL) to determine the limit of quantification (LOQ).
Statistical methods
All statistical analyses were conducted in JMP 12 (SAS, Cary, NC, USA). Normality/non-normality of each dataset Both Enterococcus and E. coli are universally present in the human digestive system, and may also originate from wildlife or domestic animals, however, additional nonhuman significant discharges of E. coli are considered to be negligible in this area. Agricultural land use is low and only weak correlations were found between E. coli and flow rate in Callahan Creek (Table 3) . Therefore,
while seasonal water quality parameters may provide some anecdotal explanation of variability in Bacteroides-HF183,
Enterococcus and E. coli, additional factors such as sample collection timing are also likely important (i.e. collection directly following straight pipe discharge).
Correlation of microbial indicators with water quality and flow rate
To investigate further, a correlational analysis was conducted between microbial indicators and several general water quality parameters and flow rate (Spearman's rho values, Table 3 ). Bacteroides-HF183 and conductivity were significantly and positively correlated in Callahan Creek (i.e.
Spearman's rho ¼ 0.37). This is consistent with expectations since both parameters can originate from the same source: untreated household waste. However, in Roaring Fork, conductivity and Enterococcus were inversely correlated (i.e.
Spearman's rho ¼ À0.44). This seems contradictory to expectations and perhaps suggested additional unattributed sources of conductivity (i.e. other than the untreated household waste discharges) in this stream (e.g. additional residences, adjacent railroad tracks).
A weak but significant correlation was observed between E. coli and pH in this stream (i.e. Spearman's 
coli in Callahan Creek
Bacteroides-HF183 (copies/mL) Enterococcus (copies/mL) E. coli (MPN/100 mL) The fact that multiple significant correlations were found between E. coli and other parameters, whereas the genetic markers were only correlated to conductivity, is likely due to the relatively higher number of quantifiable data points available for E. coli. The higher number of stronger correlations observed between microbial indicators and other parameters in Callahan Creek as compared to Roaring Fork may simply be related to the relatively larger number of untreated household waste discharges, and thus presumably higher waste volume.
Correlation analysis of microbial indicators
No positive correlations between E. coli and the molecular markers were identified when using only those data points above the LOQ; this is not surprising, as few samples were quantifiable via qPCR for either Bacteroides-HF183 or 
CONCLUSIONS
Although the genetic marker Bacteroides-HF183 has routinely been detected downstream from highly populated 
